
NA -$4234

"1 • . e

VONKARMANCEHTER
SNAPo8 DIVISION

I SNAP.8 SEALS-TO.SPACEDEVELOPMENT TEST PROGRAM

I VOL. II - MOLECULAR PUMP

I A REPORT TO

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

I CONTRACT NO. NAS 5.417

I REPORT NO. 280e (TOPICAL) / MAY 1964 / COPY NO. _8

I , N65 17272.
I _cc...,o..u...n, ...Ru, GPO PRICE $

f ,pAUR, ,c6.., OTS PRICE(S) $

•" /'_ _'_ _" 9,._-" ,INAIA GN OR TMX OR AD NUlllllllN) ¢ ORYI

Microfiche (MF) /_'_)"



NASA CK-54Z34

I A,.oJ,T-
nmim_uzF-

I_
I'

I

i

" }i SNAP-8 SEALS-TO-SPACE DEVELOPMENT TEST PROGRAMi . VOLUME II - MOLECULAR PUMP

iIf,.. By J. N. HodgsonContract No. NAS 5-417

i: NASA - LEWIS RESEARCH CENTER
_- SNAP-8 PROJECT OFFICE

, _ H. O. SLONE, SNAP-8 PROJECT MANAGER

i" AEROJET-EIENERAL CORPORATION
A SUBSIOIAR " OF THE GF..NEIqAt. TI_E & RUBBER COMPANY

[

1965007670-003



Report No. 2808, Vol. II

CONTRACT FULFILLMENT STATEMENT

This is Volume II of a four-volume topical repo_ covering the SNAP-8

Seals-to-Space Development Test Program, and is submitted in partial fulfillment
of NASA Contract No. NAS 5-417.

il

1965007670-004



!

l Report No. 2808, Vol. II

!

FOPS. OI_
!

'i
The SNAP-8 seals-to-space concept involves the use of vieco pump, molecu-

lar pump, and dynamic slinger elements. The seals-to-space program encompassedJ
I basic test work on each of these components for the purpose of demonstrating

satisfactory performance for SNAP-8 operating conditions. In addition to the

basic component tests, an overall integrated seal test rig was built and oper-

I ated. This rig provided a nearly perfect simulation of the SNAP-8 turbinealternator assembly seal-to-space configuration and thermal environment, and
demonstrated the satisfactory performance of the seal. _

I Volumes I through III of this report cover the work done on the visco
pump, molecular pump, and dynamic slinger elements. Volume IV describes the

• design and o_eration of the i_egrated seal simulator.

I.
The SN_P-8 Seals-to-Space Development Test Program was carried out under

the auspices of the SNAP-8 Division, Von Karman Center, AeroJet-General Corpora-

i tion, as part of the SNAP-8 Contract work.

Mr. C. G. Boone, Chief Engineer for the SNAP-8 Division, had overall re-

Sl_onsibilityfor the SNAP-8 Seals-to-Space Development Test Program. Mr. R. L.Lessley, EngineerlngDelx_rtment, SNAP-8 Division, had direct responsibility for
the program. Assisting Mr. Lessley were E. A. Haglund, J. N. Hodgson, and
I. L. Marburger, all of the Engineering Department, SNAP-8 Division.
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NOMI_.T tTl_

..Symbol Definition Unit

:_'_a '' Flow equation constants in.3/sec

2
A Area in.

b Channel width in.

b :,b'' Flow equation constants in. ib/sec

B Perimeter in.

c ,c ,c ,c Flow equation constants in.2/ibi 2 3 4

d Flow - minimum correction factor

D Diameter in.

f Frictional force ib

fl_f2 Coefficients of momentum transfer

g Gravitational constant, 386 in./sec2

h Channel depth in.

k Boltzmsnn Constant, 6.78 x 10-23 in. ib/°R

kt Momentum transfer time constant

KI,K2,K_ Geometrical factors

Coordinate along flow path in.

i, Molecular pump length in.

m Mass of molecule Ib-sec2/in.

N Rotational speed rpm

p Pressure it/in,2

Pc Driving pressure it/in.2

Pe External pressure, at zero flow lb/in.2
o

Q Volume flow rate at unit pressure in. ib/sec
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I (oont.)
, , , Definition Unit

QN Net volume flow rate at unit pressure in. ib/sec

R Gas constant in./°R

T Absolute temperature OR

1 Ul'U2 _lecular tangential velocities at boundary surfaces in./sec
J

U Rotor peripheral velocity in./sec

! U Average fluid velocity in./sec

v Velocity in direction of flow in./sec

I V Volume flow rebe in.3/sec

w Land width in.

I WN Weight flow rate lb/sec

_ y Coordinate perpendicular to flow path in.
I

Rotor-induced flow Jaccor in.3/sec

' I _ Channel continuum flow factor in.6/lb-sec

7 Channel molecular flow factor in._/sec

I _ Zand continuum flow factor in.6/lb-sec

@ Land molecular flow factor in.4/sec

I 8 Radial clearance in.

e Frictions_ force coefficient ib-sec/in.3

Comfficient of _lip in.

Mean free p_th in.

Viscosity ib-sec/in.2

p Density ib/in.3

Helix angle

Small increment

Constant relating mean free path and coefficient

of slip
vii
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SUMMARY

The seals-to-space of SNAP-8 require a means of restricting the flow of

mercury and lubricant vapor out of the vent to sp_ce. This flow restriction is
accomplished by use of a molecular pump - a highly effective form of flow re-
stricter based on the principle of the Holweck vacuum pump. Rather than using

the otatic action of the conventional annulus or labyrinth, the molecular pump
employs a dynamic action which moves molecules counter to the pressure gradient
to space.

The theoretical performance of the molecular pump was derived in detail
as part of the flow restrictor development program. The theo_z was developed
based upon the assumption of purely molecular flow. A com_uter program was con-

ducted which allowed optimization of the molecular pump dimensions over a large
variety of operating conditioas. The independent variables exercised were diam-

et_rj speed, temperature, length, clearance, and molecular weight.

A very basic problem exists, however, in that SNAP-8 operating conditions
do not place the flow at the high-pressure end of the molecular pump in the
molecular flow regime. On the contrary, the flow extends well into the con-
tinuum regime; thus the optimum configurations predicted by the optimization of

the molecular theory are not truly optimum. To rectify this, a theory was de-
veloped which defines the performance of the molecular pump over the entire
spectrum of flow regimes. This specially developed theory predicts the molecu-

lar pump performance for any given operating condition, and accounts for the
changing flow regime within the pump itself. Unfortunately, the complexity of
the final form of the performance equations has precluded an optimization pro-

gram. However, sufficient insight into the flow phenomena has been gained by
the theory to allow intelligent extrapolation from the molecular t_eory opti-

mums toward the appropriate optimums for SNAP-8 operating conditions.

Several configurations were chosen for the test program. The first few
configurations were optimum as predicted by the molecular flow theory. As the
testing proceeded, the undesirable effects of the non-molecular flow conditions

became a_parent. Remedial measures were taken by increasing the number of
threads/in, and tapering the groove depth to make it shallow at the hlgh-pres-
sure end of the molecular pump. Both procedures increased the ratio of mean
free-path to channel dimensions, which served to make the flow more closely ap-
proach the molecular regime. The actual dimensions for these l_tter non-optimum

configurations were based upon intuition and extrapolation from the molecular
theory. Tests were conducted on both the optimum and non-optimum sets of _on-
figur,.tionsat te'_Lerat_res of 300 and 375°F. The correlation between the theory
and test data was good.

Three basic problems were encountered during the te_L program: (i) shaft

seizure occurred several times during the initial phase of testing, (2) equlp-
meritmalfunction caused interface temperatures to be well Jn excess f 400°F,
and (3) entrained air in the bearing lubricant leaked into the molecu3_r pump

area causing pressure ratios to be low enough to lead to the premature conclusion

• I
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St a Y(cont.)
that the molecular pump was not functioning. Once these problems were brought
under control, a successful test program was carried out. Both pressure ratio
an_ leakage data are in good agreement with theoretical predictions.

The test program served to answer a number of questions regarding the ef-

fectiveness of the molecular pump as a flow restrictor. For example, it had
not been known if the theory would adequately extend to the geometrical limita-
tions of the SNAP-8 application. (SNAP-8 requires a short molecul_r pump and
large radial clearance, whereas in the original context as a vacuum pump the
molecular pump is lon_ and depends heavily on the radial clearance being small.)

The test program i_dicated that the theory extends well to the SNAP-8 require-
ments. It was not known what influence continuum flow effects might have on
the performance of the molecular pump. As a result of the transition flow

theory which has been developed, it is now possible to predict the influence of
non-molecular flow conditions. Tests have been made substantiating the validity
of the theory. Im was not known what configuration should be recommended for

SNAP-8. Before a specific configuration was selected, consideration was given

to (i) the optimum values developed from the molecular flow theory, (2) transi-
tion flow theory, and (3) comparison of theoretical predictions with test re-
sults. The configuration selected has five threads/in., equal land and groove
widths of 0.i00 in., and a groove depth of 0.070 in.

i .

)
%.
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I. INTRODUCTION

The turbine working fluid of the SNAP-8 system is mercury, whereas the

bearing lubricant is oil. This situation creates a need for a seal-to-space
inasmuch as the two fluids, somewhere in the system, occupy adjacent areas.
Either the fluids are allowed to interdiffuse at their Junction, the amount of
which would be quite prohibitive, or they Join to a common vent to space. TT_e
latter alternative can limit the Interdiffuslon of the fluids to negli_;ible

quantities and has been chosen as the design principle for SNAP-8.

With both oil and mercury having direct access to a vent to space, there
necessarily must be a seal for each which allows only a minimum tolerable leak-
age. Since it is mandatory that the seals function for a minimum of I0,000

hours, no standard rubblng-contact seal can be used. It is evident that the
seal-to-space must be a highly advanced, yet reliable component of the SNAP-8
system. This advanced seal design has been conceived, tested, and shown to be
capable of fulfilling its requirements. The components of the seal-to-space

are (a) a dynamlc slinger (or alternatively, a visco-pump) to maintain a liquid-
vapor interface, (b) a cooling system to control the llquid-vapor interface _emp-
erature within design tolerances, and (c) a flow restrictor to restrict the flow
out of the space vent of molecules evaporating from the liquid at the interface.

This report covers the third component of the seal-to-space, the flow restrlc-
tor. Although the test program is given primary consideration, theoretical de-
sign and interpretation are included as appropriate.

Prior to initiation of the SNAP-8 seal-to-space program at AeroJet-General

Corporation, the standard method of restricting the flow of vapor along a shaft
was by use of either a siuple close-flttlng annulus or a labyrinth. The leakage
through an annulus or labyrinth was great enough to warrant research into new
principles of vapor restriction. The molecular pump evolved as a result of this
research. This type of flow restrictor is based on the principle of the Holweck

molecular pump, a well-known type of vacuum pump commonly used in Europe some
years ago (References 1 through 3). The pump is simple in principle, consisting

of a rotating shaft surrounded by a helical channel (Figure l). Molecules within
the channel alternately strike the rotating shaft and _tationary channel walls.

As a result, they receive a net velocity in the direction of the channel, which
in effect pumps them upstream and away from the vent to space. Since the pump
outlet vents directly to space, there is a relatively large pressure gradient im-
posed upon the pump which induces a flow opposite in direction to the flow caused
by the shaft motion. The overall effect is a small leakage out the space vent.

The magnitude of this leakage to space is a function of the molecular pump con-
figuration and the imposed operating conditions. The pump is capable of excep-
tlonal flow restriction and makes a very effective component for the SNAP-8 seal-
to-space.

1
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The theoretical performance of the molecular pump was derived in detail <_r-
ing the seal-to-space development program. The theory was developed first on the

assumption of purely molecular flow conditions within the pump (Appendix A).

Ideally, a molecular pump is not required to operate other than in the molecular{

i flow regime. However, the conditions of SNAP-8 are out of the molecular flow
• regime, and well into the continuum flow regime. Consequently, it was necessary

to develop an extended theory which defines the operation of a molecular pump

! under all conditions (Appendix B). A computer survey was made to determine the
J optimum geometrical configurations for a molecular pump as predicted by theory.

Due to the complexity of the transition theory, it was deemed appropriate to base

( the computer study on the simpler molecular flow theory.
J

From the results of the computer program, test sections of optimum geometri-
cal configurations were fabricated for the test program. The objectives of the

i test program were as follows: (a) to test the optimum configurations, (b), to
! make geometrical changes as found appropriate to better control the non-molecular

• flow conditions, and (c) to select a suitable molecular pump for use in the SNAP-8

I seal-to-space. These objectives were successfully accomplished in the test pro-gram. The following pages outline the test program apparatus, methods, sequence
of testing, and problems encountered. The test results are then summarized and

interpreted in the light of theoretical considerations.

The insight from the flow restrictor program gives rise to some recommenda-
tions for interesting future research. First, the transition theory could profit-
ably be analyzed on a computer to give optimum configurations for a few selected

operating conditions. Future work on the trausition theory might also include
consideration of tapered groove depths and multi-flight threads. Although the

_ number of thread flights appears to be of little consequence in molecular flow,
it might be important in transition flow. Another innovation that appears rather
promising is the use of grooves on both the rotor and stator. A preliminary
analysis indicates that this would be beneficial. Another field of interest

might be the construction of the molecLularpump radially on a disk rather than
axially. This has been done in vacuum pump applications (Reference 2). The con-

struction need not necessarily be in the form of channels; a bladed-type molecu-
lar pump (Reference 4) which allows much greater clearances could conveniently be
incorporated into a disk-type assembly. The extensions and improvements are

numerous. The entire principle of flow restriction by means of the molecular
pump is a promising field worthy of further investigation.

II. TEST APPARATUS a METHODSt AND PROBLEMS

A. APPARATUS

All tests were conducted in the Environmental Laboratory of the
Astrlonics Division, Von Karman Center. The laboratory is specifically designed

for high-vacuum work and is therefore equipped with all the support equipment
necessary for the molecular pump tests.

I Figure 2 is an assembly drawing of the molecular pump test fixture.
The basic functions of the fixture can be noted as follows:

I
2

1
J
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i. Item A is the spindle, mounted on two sets of ball bearings. A
sleeve at the test section region allows s_lectlon of any desired radial clearance.

Clearances were varied from 0.001 to 0.005 in. during the test program. The
spindle was driven at 12,000 rpm.

2. Item B is the molecular pump test piece. _umerous combinations

of clearance, groove depth, threads/in., and materials were used during the program
(see Sections III,A and III,B).

3. Item C Is the vapor g_nerator which supplies saturated mercury
vapor to the region upstream of the molecular pump. Hence, it simulates the

llquid-vapor interface of the SNAP-8 system. Temperature control is effected by
a cartridge heater core and by temperature monitoring with thermocouples at the
liquid pool surface (interface). The generator also contains a liquid-nltrogen

passageway to freeze the mercury during the initial air evacuation phase of test-
ing.

4. Item D is the space simulation component of the fixture. The
entire region downstream of the molecular pump is connected, through yalvlng, to

a diffusion vacuum pump which provides for initial degassing of the system and
subsequent space simulation.

5. Item E is the mercury condensate trap. This component is a re-

movable cup which, during tests, is surrounded by a bath of liquid nitrogen. By

weighing the trap before and after a test run, the condensate weight - and thus
the leakage rate - can be determined.

6. Item F is the double-seal system to separate the bearing lubri-
cant and the mercury vapor during tests. The region between the seals is main-

tained, by means of a second diffusion vacuum pump, at a pressure lower than the
vapor generator pressure. This minimizes leakage of oil into the mercury slde of
the fixture.

7. Item G is the heating system for the test fixture itself. Hot
nitrogen passes through passageways in the fixture to maintain the temperature
above the vapor pressure of the mercury. Otherwise, condensation would occur at

the test section rather than in the condensate trap.

Figure 3 shows schematically the lubrication system and instrumenta-
tion arrangements. Figure 4 is a photograph of the assembled and instrumented

test fixture mounted between the two diffusion pump vacuum systems. The trans-
parent plastic case is a safety feature to allow removal from the room of any
mercury leaking from the fixture. A mercury vapor detector indicated no mercury

leakage during any test.

B. METHODS

The method of conducting a test divides into seven basic parts as

indicated on the following page.

3
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i. Preliminary Degassing

Before any test, it is necessary to degas the entire mercury
side of the system; this applies particularly to a newly assembled unit. Other-

!

wises it is impossible to get a good vacuum when the test is begun. If performed
at an elevated temperature (_300°F), the degassing can be accomplished in 1 to
3 hours.

2. Mercuz_ Freezin_

The pool of mercury must be frozen during the initial phase of

-test when the air is being evacuated from the system. Otherwise, the mercury
would evaporate and be evacuated with the air.

3. System Evacuation

The diffusion pumps are next used to evacuate air and contami-

nants from the system. The length of time elapsing for this phase is partially
determined by the completeness of the initial degassing process. The system is

• considered evacuated when the pressure level holds constant with no applied
vacuum source. The interseal area should be-maintained at a pressure below the

evacuation pressure to minimize the leakage of oil and/or air into the mercury
i side of the system.

4. Start Rotation

This phase is preceded by a slight heating of the vapor genera-
tor to minimize any temperature-induced stresses. The lubricant flow is general-

! ly begun considerably before rotation to allow the lubricant flow rate and
temperature to stabilize.

5. Temperature Control

: The entire fixture is brought to the operating temperature.
The housing temperature is maintained a few degrees above the generator tempera-

. ture toeliminate condensation in the housing area.

6. Shutdown

Shutdown is effected by stopping rotation, bleeding air into

the system# warming the condensate trap to room temperature, and shutting off

all heat sources. Bleeding air into the system raises the pressure at the genera-
tor and halts the vapor leakage to the condensate trap. Cooling the gene_'atorto

i stop evaporation is also used, but is a relatively slow procedure.

7. Weight Recording

i When the system has cooled sufficiently, the condensate trap isremoved and weighed to determine the leakage rate.

!
4
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C. PROBLEMS

Other than the usual minor problems involved in settlng-up and instru-

menting a test fixture and lubrication loop, there are three problem areas which
affected either the progress or data of the test program. The problem areas are
discussed below.

1. Shaft Seizure

During the first phases of testing, the program was beset with

numerous cases of the shaft and test section rubbing and seizing. The possible

explanations are numerous: vibration, misalignment, manufacturing and assembly

errors, temperature-lnduced stresses, etc. Improvements, even complete correc-
tion, of many questionable areas and procedures were made. However, not until
operation was limited to radial clearances greater than 0.003 in. was the problem
completely eliminated. It appears that the problem may have stemmed from move-

ments dueto temperature gradients. The increased clearance completely eliminated
the seizures and a successful test program was completed.

2. Interface Temperature

E1roneous interface temperature recording during the first

phase of testing resulted in excessive temperatures which seriously impaired the
apparent performance of the molecular pump. The interface temperature is recorded

by thermocouples in the li_Lid mercury of the vapor generator. The vapor genera-
for is a relatively complex c Jmponent of the test fixture, having an internal

liquid nitrogen passageway, two thermocouple leads which must be sealed vacuum
tlght_ and a cartridge heater all combined Into a small volume. Unfortunately,
the only vapor generator available _urlng much of the testing had thermocouples
which were damaged either in the manufacture or In the delivery of the generator
and which as a result were not operating.

In order to make some approximation of the interface tempera-
ture, other thermocouples were inserted as far as possible into the vapor genera-

tor housing thermocouple inlets, thereby allowing a measurement of the housing
temperature relatively near the liquid mercury. Since it was known that the
thermocouples would read low due to the insulating effect of the liquid nitrogen

passageway and heat loss to the surroundings, it was assumed the actual interface
temperature was 25 to 50°F above the thermocouple readings. Heating of the gener-
ator by the cartridge heater was restricted accordingly.

Finally, during the latter part of the test program, a new vapor
generator was obtained that was equipped with functional thermocouples. It was
found that the 25 to 50°F temperature difference assumed between the generator

housing and llquld-vapor interface was much in error. By comparison of voltage

settings previously used, it was found that all _revlous tests had been run with
an actual interface temperature In excess of 400_F (rather than the assumed 300°F).

The vapor pressure of mercury at temperatures greater than _O0°F

Is so high that _he molecular pump could not possibly bring the flow Into the
molecular regime. Without being in the molecular reglme# no pressure ratio of

1965007670-016
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any consequence could be developed. The result was that all tests to that date
showed very low pressure ratios and high leakage, leading to the premature con-
clusion that the molecular pump was not functioning well.

Future tests were most rewarding. The interface temperatures

were held at the desired values, pressure ratios were good, and leakage values
approached theoretical expectations. The highly successful latter phase of the

test program, where the numerous data points were obtained, was initiated by
this successfu] control of interface temperature.

i 3. Face Seal LeakageThe bearing lubricant and mercury vapor are separated by two

face seals, the area between which is connected to a high-vacuum system. The

purpose of this seal system is to draw off any mercury and oil which leak throughtheir respective seals. In general, the seals were unable to aaintain good seal-

ing at 12,000 rpm. Wear rates were very acceptable, but the ability to seal
against a vapor (or even a liquid) was poor with rotation. This condition held

regardless of the care taken in initial alignment and surface honing
of the seals.

Or a few occasions, tests were ended ahead of schedule due to

I excessive oil leakage. This, though, was only a minor problem. The prime prob-lem associated with the imperfect sealing was the effect produced on pressure
ratio data. The lubricating oil had a certain amount of entrained air. The in-

I creased temperature at the seal area assisted in the release of this air which• then migrated through the oil seal to the interseal area and, subsequently,

through the mercury seal into the molecular pump area. Although mercury mole-
cules were flowing in the opposite direction through the mercury seal, vith the

I flow in the molecular regime they essentially do not hinder the
air molecule

flow. The flow of air molecules continues until an equilibrium pressure builds

up in the molecular pump area.

1 The effect on pressure ratio data lies in the fact that air,

consisting as it does of relatively light molecules, is not pumped so well as is

merc-ry by the molecular pump. Consequently, air molecules rather readily passthrough the molecular pump to the downstream area until they build up a pressure
downstream dictated by the molecular pump's particular ability to pump air mole-
cules.

(

I The above phenomenor, is readily observed in the pressure ratio
data of the test program. Frequently, a substantial pressure ratio, character-

istic of mercury vapor, uould persist for considerable periods of time (30 or40 min) until the seals began to leak. As the interseal area pressure began to
rise, indicating an increased seal leakage, the pressure ratio would begin to

drop. This drop would continue until an equilibrium pressure ratio characteris-tic of air molecules developed. It was possible to temporarily evacuate the air
that occupied the molecular pump area by opening the valve to the diffusion pump

connected to the downstream area. However, once seal leakage had begun, this te-

l lief was only and a rapid return to the air ratio oc-
temporary, very pressure

curred. The opening and closing of the downstream vacuum valve is represented
by the discontinuities in the pressure-ratlo data curves.

il
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Although the air leakage greatly affected the pressure-ratio
data, the effect on leakage data can be disregarded. The pressure of mercury
vapor at the molecular pump entrance is determined solely by the interface
temperature. The presence of air molecules increases the total pressure but

has no effect on the mercury-vapor driving pressure. The air molecules develop
a partial-pressure ratio which is small, whereas the mercury molecules develop
a partlal-pressure ratio which is large. The recorded pressure ratio is there-

fore small, but the mercury leakage goes on independently at the rate dictated
by the higher pressure ratio. Subsequent to this program, tests on the SNAP-8
Seal Simulator were conducted both with and without the presence of air mole-
cules. These tests showed no measurable effect of the air molecules on leakage
rate.

III. TEST RESULTS

In this section, the entire testing sequence is outlined. Each molecular
pump configuration is described and a brief summary of pertinent happenings is

given. All test sections have a diameter of 1.625 in., a length of 2.00 in., and
a single flight thread. All tests were made at a speed of 12,000 rpm. The test
sequence below is divided into Parts I and II. Part I represents the testing
period during which seizures occurred and during which excessive interface temp-

eratures were being used. In spite of these difficulties, some meaningful leak-
age data were obtained which were in keeping with expected values for the higher
temperatures.

Part II contains the testing sequence for the latter phase of the program.

During this phase, the radial clearance was increased to 0.0043 in. and the temp-
erature at the interface was accurately controlled. The testing was a complete
success. Data were obtained at temperatures of 300 and 375°F3 and a good corre-
lation with theory resulted.

Section III,C presents an interpretation of the test results. The data
points are explained in light of the theoretical predictions. Both the molecu-
lar regime and transition regime are included.

A. PART I OF TEST SERIES

Listed below are the principal features of each configuration tested3
and the basic results of the tests.

i. Configuration I

Confmguration i consisted of a stainless-steel molecular pump

(Figure 5) with groove dimensions optimum for 0.002 in. radial clearance. The
actual radial clearance was 0.0018 in. The groove width was 0.180 in.,and the

land width was 0.150 in. (3.03 threads/in.). The groove depth was constant at
0.070 in.

This configuration operated for about 30 min; then the shaft
and test section seized. Excessive vibration of the entire fixture was noted.

7
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The ,--_tion was later found to be the result of a manufacturing error; the drive
spllne was about 0.012 in. eccentric. Low pressure ratios were recorded as a re-

sult of the excessive interface temperatures. No leakage value was taken since
the startup and shutdown procedures had allowed considerable opportunity for
mercury leakage during periods of no rotation.

2. Configuration 2

Configuration 2 consisted of a stainless-steel molecular pump

(Figure 5) with groove dimensions optimum for 0.002 in. radial clearance. The

actual radial clearance was 0.004 in. The groove width _as 0.180 in., and the
land width was 0.150 in. (3.03 threads/in.). The groove depth was constant at
0.070 in.

This configuration was the same one used in paragraph III,A,1
with the exception that burrs and other surface irregularities from the seizure

had been removed. Damage was more severe at one end and, consequently, the
clearance was not constant. An average clearance is assumed of approximately
0.004 in. Excessive vibration due to the spline eccentricity again occurred.
Pressure ratios again were low due to temperature effects. The fi_ure ran for

1.5 hours at which time shutdown was _nitiated due to excessive oil seal leakage.
The mercury leakage rate was 15 lb/lO hours.J

3. Confi6a_ration

Configuration 3 consisted of a stainless-steel molecular pump
(Figure 6) with groove dimensions optimum for 0.003 in. radial clearance. The

i actual radial clearance was 0.0032 in. The groove width was 0.250 in., and theland width was 0.213 in. (2.16 threads/In.). The groove depth was constant at
0.071 in.

I The vibration problem was corrected by switching to a shaftwith a concentric spllne. Low pressure ratios were again developed due to temp-
erature effects. The fixture ran for about 30 mln at _Ich time the shaft and

i test section seized. The mercury leakage rate was approximately 6 ib/lO4 hours.
_. Configuration 4

Configuration a carbon molecular pump _gureT)with
4 consisted of

radial clearance of 0.0015 in. The groove width was 0.130 in. and the land

width was 0.120 in. (_.00 threads/in.). The groove depth tapered fzom_ 0.005

I to 0.050 in.

The approach was taken of using a carbon test section and al-

l lowing it to wear-in at low speed prior to the actual test run. After a care-ful slow speed run-in period the mercury test was begun. The test lasted about

30 mln at which time the shaft and carbon seized. Considerable damage to the
sleeve had resulted. No leakage data were taken. This marked the first test

using a tapered for to handle the transition flow.
groove greater ability regime

I 8

l
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5. Configuration 5
•J Configuration 5 consisted of a Teflon molecular pump with a

radial clearance of 0.003 in. The groove width was O.110 in. and the land width

was 0.090 in. (5.00 threads/in.). The basic section was 1.40 in. in length andhad a constant groove depth of 0.0_5 in. A pre-molecular-pump section had a
length of 0.50 in. and a constant groove depth of 0.006 in.

I This configuration was fabricated of Teflon in an attempt to
provide a wesr-in ability should the shaft and test section touch. An innova-
tion was the use of a pre-molecular pump section to handle the transition regime

flow. The pre-molecular pump was simply a short length of molecular pump, the
groove depth of which was very shallow. The depth of groove was made optimum
for continuum regime flow. This configuration was the first to show acceptable
pressure ratio data. The test was run at a reduced temperature as a safeguard
for the Teflon and hence removed the temperature effect which had previously

been hindering the development of ample pressure ratios. The test was discon-
tinued after about 35 min when the pressure ratio was suddenly lost. The Teflon

and shaft had seized, but rotation continued due to the low strength of Teflon.
Powdered Teflon coated the entire inside of the fixture up to the mercury face
seal. No leakage data were obtained.

6. Configuration 6

Configuration 6 consisted of a stalnless-steel molecular pump

(Figure 8) with groove dimensions optimum for O.O01 in. radial clearance. The
actual radial clearance was 0.002 in. The groove width was 0.120 in., and the
land width was 0.091 in. (_.7_ threads/in.). The groove depth was constant at
0.058 in.

This test was characterized by extreme care in assembly and

alignment to minimize the possibility of a seizure. Seizure occurred almost
immediately, within about 3 to _ sec of startup. At this point it was decided
to conduct an extensive examination of shaft perturbations, temperature_Induced

motions, alignment problems, etc.

7. Configuration

Configuration 7 consisted of a stainless-steel molecular pump
(Figure 9) with a radial clearance of 0.003 in. The groove width was 0.Ii0 in.,

and the land width was 0.090 in. (5.00 threads/in.). _ne groove depth tapered
from 0.015 to 0.080 in.

This and all future test sections are marked by a modified

test section which places the molecular pump about l-l/2 in. closer to the bear-
ings. This was done to minimize the magnitude of shaft perturbations at the

test section. The shaft seized after about 14 min of operation. _.owever,good
pressure ratio data were obtained. No leakage measurement was mr_e since there
w_s no discernible amount.

9
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8. Confi_uratlon 8

Configuration 8 consisted of a stalnless-steel molecular pump
(Figure 9) with a radial clearance of 0.0043 in. The groove width was O.110 in.,

and the land width was 0.090 in. (5.00 threads/in,). The groove depth tapered
I from 0.015 to 0.080 in.

i From this point on, no tests were run with radial clearancesless than 0.004 in., and no further seizures occurred_ The test was continued
for 3 hours with a measured leakage rate of 1.6 lb/lO_ hours. This low leakage
value is the result of using cooling in the face seal area which lowered the ef-

fective interface temperature even below 300°F.

9. Configuration

I Configuration 9 consisted of a stainless-steel molecular pump
(Figure 10) with a radial clearance of 0.0043 in. The groove width was 0.110 in.,
and the land width was 0.090 in. (5.00 threads/in.). The basic section was

I 1.40 in. in and had constant of O.070 in. A
length a groove depth pre-molecular-

pump section had a length of 0.50 in. and a constant groove depth of 0.014 in.

I .The fixture was operated for 3 hours and gave a leakage rateof about 30 lb/lO4 hours.

i B. PART II OF _ST SERIES
The demarcation between Part I and Part II of the test program was

the acquisition of a vapor generator with functional thermocouples. It became
I apparent that previous tests had been run with interface temperatures well in

excess of _O0°F; hence the poor pressure ratios and high leakage rates. The
ability to accurately control interface temperature, together with the decision

I to ran at radial clearances of 0.004 in. or greater, indicated that an eminentlysuccessful seri_s of tests would follow. Such was the ca_e. Four configurations
of molecular pump were fabricated which investigated th_ effects of both a tapered

i groove depth and the number of threads per unit length. All but one configurationwere run at both 300°F and 375°F so as to investigate the effects of shifting well
into the continuum flow regime. Pressure ratio data and leakage rates were meas-

ured on each test. Since all the tests were conducted identically and require no

I individual description, they are summarized in Table i. Section Ill,C is devoted
to an interpretation of the Part II Test Series results and conclusions as they
relate to the SNAP-8 system.

I C. INTERPRETATION OF PART II TEST RESULTS

i i. Leakage Data
All the leakage test results of Part II are included as Figures

13 through 16 where each molecular pump configuration is represented on a plot of

I leakage rate vs temperature. To give a meaningful comparison, each plot also in-cludes leakage values for an annulus smd the theoretical predictions for the

I lO

'_ _:_
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molecular pump based on both the molecular thecry and the transition theory.
Appendix A presents the mathematical basis for the molecular flow curves, and
Appendix B gives the basis for the transition flow curves. To present both the
m61ecular and transition theory considerations, the interpretation of the test re-

sults which follows is divided into two categories: (a) a comparison of the test
data with the molecular flow theory, and (b) a comparison of test data with the
transition theory.

a. Comparison _-ithMolecular Flow Theory

The mean free path of saturated mercury vapor is such that
the molecular flow regime is being taxed at 300°F; at 375°F the flow definitely

favors the continuum regime. Accordingly, the agreement between test data and the
molecular flow theory should be relatively good at 300°F, whereas at 375°F there
should be evidenced a substantial deviation between theory and test. This general

trend is well exemplified in Figures 13 through 16.

I There are two basic _pproaches available to increase the
ability of a molecular pump to handle transition regime flow conditions. One

method is to increase the number of threads per unit length; the other is to

taper the groove to a very shallow depth at the pump entrance. Both methods de-
crease the basic distance a molecule must travel before another collision with s

surface of the _olecular pump. Whether one or a combination of both these methods

i is best is a function of the operating conditions. At present, there is no theoryi developed which allows optimization with a variable groove depth. The pressure
ratio and leakage equations of the transition theory are sufficiently complex that

_ making the groove depth _ function of pump length was deemed a prohibitive compli-
] cation.

At 300°F there is good agreement between theory and test

I results for the configurations of Figures 13 and 14. This is attributed to the
fact that the configuration of Figure 13 has many threads per unit length, and the

configuration of Figure 14 has both many threads per unit length and a tapered

i groove depth. When a decrease is made in the number of threads per unit length,as in the configuration of Figure 15, the leakage begins to exceed the theoretical
value. In the configuration of Figure 16, neither the many threads per unit length

I nor the tapered groove depth is used As would be expected, the flow departs evenfurther from the molecular regime, and the leakage is far above theoretical pre-
dic+ions.

At 300°F the best of the four configurations is repre-

sented by Figure 13, which has 5 threads/in. However, assuming purely molecular
flow, the theory specifies that 2 threads/in, is optimum. No tests were conducted

I at a lower temperature to test this relationship between 5 and 2 threads/in. Re-
I gardless of this, the trend to favor only 2 threads/in, is observed _ven with the

rel_tively stringent conditions at 300OF. With respect to the configurations of

Figares i_ and 15, the 2 threads/in, test showed much less leakage than the 5• threads/in, test. The tapered groove depth of the two configurations apparently

i

l
'th._-,,_,
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gave enough control to the transition flow effects ths_ the optimum nat.&reof

only 2 threads/in, could manifest itself. It is presumed that, at a lower temp-
erature, the 2 threads/in, configuration would show up the more favorable even
_ithout the tapered groove depth.

Operation at 375°F shows some further interesting resu2ts.
The higher temperature operation should increase the discrepancy between the test

data and the molecular flow theory. This, of course, occurred as can be seen for
the configurations of Figures 13 through 15. (The configuration of Figure 16 was
not tested at 375°F because it would obviously have a very high leakage rate.)

The configuration of Figure 14 is of interest. This configuration has both an
increased number of threads per unit length and a tapered groove depth. There-
fore, this configuration should have a reasonable ability to handle the transi-

tion condition_ at 375°F. This ability is best observed in Figure 17 which is a
plot of the experimental data only. The tapered, 5 thread/in, configuration leak-
age curve has the least slope of any in going from 300 to 375OF. The very low
leakage at 3TS°F is questionable and perhaps represents an experimental error.

However, the transition theory confirms the low slope of the leakage curve for
this configuration. It can be concluded that increasing the threads per unit
length and introducing a tapered groove depth increases the ability to handle
transition regime flow.

It is to be remembered that the optimization studies done

for the molecular pump are only for molecular flow. The choices of 5 threads/in.
and the particular tapers used on grooves were selected by intuition and are neces-

sarily somewhat arbitrary. Thus, the best configurations, chosen on the basis of
the test results, are not necessarily optimum. However, as compared to the plain
annulus the advantage of the test pieces selected is pronounced.

b. Comparison with Transition Flow Theory

Appendix B presents the development of a molecular pump
theory which is applicable over the entire range from continuum flow to molecular

flow, including the transition within the pump itself. Time and the expense of
the computer program which would be required precluded an opt_mization of the re-

sulting pressure ratio and leakage equations. However, even though it is not pos-
sible to find the optimum configuration, it is at least possible to evaluate the
performance of a given configuration. This is possible since the pressure ratio
equation lends well to a trlaland error solution. By trial and error each :on-

figuration of the test program was analyzed to deter!_ineits pressure ratio at
300 and 3T5°F. By then making the suff_clently accurate assumption that leakage

rate is inversely proportional _o pressure ratio, the leakage rates were evalu-
ated for each configuration. These leakage data form the curves of the transi-
tion theory in Figures 13 through 16.

_e transition theory is observed to b_ a considerable

improvement over the _olecular theoor_. This improvement is particularly marked
at 375°F but is also evident at 300 F. At 300OF, the molecular and transition
theories are in close agreement in Figures 13 and 14 which represent the 5 threads/
in. constant groove depth and tapered groove depth configurations, respectively.
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This is as would be expected since 5 threads/in, gives small enough channel di-
mensions that the molecular theory is not far from accurate. Proceeding to

Fi&ures 15 and 16, which describe the 2 threads/in, tapered and constant groove
depths, respectively, the advantage of the transition theory becomes most ap-
parent. The constant groove depth is the best example. Since 2 threads/in.

with a constant groove depth takes the flow well out of molecular flow, the re-
corded leakage value is a decade above the molecular theory value. The transl-

: tion theory, however, brings good agreement between theory and experiment. The
tapered groove depth likewise shows improvement with the transition theory.

The leakage rates measured at 375°F are lower than pre-

dicted by the transition theory. The reasons for this are not fully understood.

However, it is possibly due to an increased flow upstream in the molecular pump
due to the inability of the cold trap collection system to fully simulate space
at the higher leakage rates characteristic of the elevated temperature. The in-
creased upstream flow lowers the net leakage. It is quite reasonable to expect
the high leakage rates at 375°F as given by the transition theory, for the mean

free path at this temperature is well below O.OO1 in. This means that channel
dimensions are as much as 100 times the mean free path.

The limits of the transition theory for very low and very

high temperatures are evident in the leakage plots. As the temperature decreases,
the transition theory approaches the moleculs_ theory asymptotically. At the

other extreme, the transition theory intercepts and exceeds the leakage rate for
an annulus. This latter phenomenon is to be expected since the optimum groove
depth in continuum flow is much less than that for molecular flow. Therefore,
the channel becomes a considerable leakage path in continuum flow and the leak-

age exceeds that for an annulus.

i

It appears that the test data are reasonably well coordi-

nated with theory. By optimizing the transition flow equations, optimum channel
dimensions could be known for any operating temperature. At present, however,

the theory based on molecular flow, together with good Judgment, must suffice
for design purposes.

2. Pressure Ratio Data

As discussed in Section II,C,3, _'_epressure ratios registered
during much of the testing were adversely affected by the presence of air mole-

cules. However, enough testing was accomplished where the air problem was not
excessive to allow a meaningful analysis of the pressure ratio capability of
molecular pumps. She pressure ratio data are plotted as Figures 18 through 25.

The molecular pump configuration selected for SNAP-8 has 5

threads/In, and a constant groove depth. The performance of this configuration
is presented in Figures 18 and 19. Figure 18 shows the pressure ratio data for

air, taken before mercury was added to the system. The agreement with theory is
good. The hump observed in the curve is rather common to the tests. It is the
result of start transients. Since the upstream volume is small compared to the

downstream volume, pressure transients upstream are not immediately reflected
downstream, and the pressure ratio is affected accordingly.

14
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Figure 19 shows the mercury pressure ratio data of the SNAP-8
configuration. Again excellent agreement wlth theory is observed. The excellent
agreement lasts for about l-l/2 hours at which time the pressure ratio takes a

sudden decrease and, as can be observed, approaches the value characteristic of
air. The sudden decrease is associated with face seal leakage which allowed air

from the oil lubricant through to the mercury side of the test fixture. When the

pressure ratio was lost, the downstream volume was next briefly evacuated of air
by opening and closing the valve to the vacuum system. This process allows the
beginning of a new pressure ratio transient as represented by the second curve of

the figure. However, once seal leakage begins it is permanent, and the pressure
ratio very rapldly again seeks equilibrium at, or near, the value for air.

Figures 20 through 23 show pressure ratio data for other combi-

nations of configuration and temperature. Most equilibrium pressure ratio values
in these figures are characteristic of air or a compromise between air and mercury
indicating a degree of air leakage Into the system.
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Molecular Pump Channel Configuration

Figure 1 _'
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164-946

Test Section - 5 Threads/in.

(Tapered Groove Depth = O.015-O.080 in. ;

Groove Width = O.110 in.; Land Width = 0.090 in.)

Figure 9
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Test Section - 5 Threeds/in.

(Constsnt Groove Depth = 0.070 in.;
Groove Width = O.110 in.; Lend Width = 0.090 in.)

Figure ii
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Test Section - 2 Tb.reads/in.(Constant Groove Depth = 0.080 in.;
Groove Width = 0.280 in.; Land Width = 0.220 in.)

i Figure 12
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APPENDIX A

MOLECULAR FLOW THEORY OF THE MOLECULAR PUMP AND COMPUTER RESUL____

I. INTRODUCTION

i The original concept of the molecular pump was as a vacuum pump.
Ordinarily, the vacutul pump is bhought of only as a means of evacuating a

given volume. The speed with which this can be accomplished and the degree

J of vacuum attainable are functions of the pump type and quality. However,

-_ the vacuum pump can also serve effectively as % seal to maintain a pressure

differential between two regions, thereby reducing the leakage rate of the

_ fluid from the high-pressure region. The analysis to follow investigates the
potential of the molecular pump as a sealing device.

The molecular pump falls within the class of vacuum pumps known as

i mechanical The feature of the molecular with
pumps. distinguishing pump

respect to others of this class is that the molecular pump has no rubbing

contact of one part with another.

i The molecular pump does not depend upon tight-fitting pistons, valves,

etc. to separate the high and'low pressure sides of the system; instead, it

depends upon the pumping action effected by the motion of boundaries adjacent

i to the working fluid. The princ'Lple of operation is demonstrated in Figure

A-1. The pump consists of a rotating shaft surrotmded by a stationary casing

into which is nut a helical groove. Molecules striking the moving surface

j acquire a velocity component _u the direction of motion of the moving member,

which results in an overall pumping action on the fluid.

Figure A-I

A-1
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The pump, as a complete system, has three basic flow components. The

first, described above, is the motion along the helical path induced by the

rotor. The second type flow is the reverse flow along the helical channel

resulting from the pressure gradient developed witain the charmel. The third

type flow is leakage over the channel lands. This latter flow is essentially

axial. Like the reverse flow along the helical channel, the lea .age flow is

motivated by the pressure gradient within the pump. Each of these flow types

is now considered separately and developed mathemat_cally.

If. MATH]94ATICALFORM]ILATION

A. ROTOR-INDUCED FLOW

In the mathematical formulation of the problem it is assumed that

the gas between the rotor and the stationary case is at a low enough density

that the problem can be approached using simple laws derived from kinetic

lhenry. The applicab_l_ty of the laws is based upon maintaining the density

low enough_ or the gas layer thin enough, for molecules to travel from one

boundary surface to another without collisions with other molecules (i.e., the

mean free path is large compared with the dimensions of the confining surfaces).

In its most simple form, the rotor-induced flow is eonsidereu as a

ease of one plane surface moving parallel to a second stationary plane surface.

Figure A-2 shows two plates which represent the rotor surface and the surface

of the helical channel. The upper plate is moving with velocity U. With the

assumption of molecular flow, each molecale_ after striking one plate, moves

at constant velocity until it strikes the other plate. Hence, if u. is the1
mean tangential component of velocity as the molecules leave the lower plate,

this will also be their mean component as they arrive at the upper plate.

Similarly, u2 represents the mean tangential component of velocity for molecules
as they leave the uppe_ plate or arrive at the Lower plate.

f_/ /l ! / I I / / // /I/ / I"-PT] _ U

2

_--_" '_I
LI__/__I I I I I / III I I / I1/ ill

i-

Figure A-2

It is necessary next to introduce the coefficient f whlcb represents

the fraction of tangential momentum possessed by a molecule that is transferred

to a plate upon collision. The numerical value of f is a function of the condi-

tions and type of reflection that occur at a boundary. For instance, _f specular

reflection were assumed, a molecule would strike a surfac _ and reflect at an

A-2
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angle equal to its angle ¢f incidence. The transfer of tangential momentt_

world be zero (i.e., f = 0). On the other hand, if diffuse reflection were

assumed, a complete transfer of momentum would occur. That is, the molecule

would essentially be absorbed at the surface and then be emitted at an angle

completely independent of the angle of incidence. In this case, f = 1.0.

Table A-I (Reference i) shows some typical values of the coefficient f for

several combinations of gas and boundary surface material. In general, f is

seen to be not far from unity.

TABLE A-I

Combination f

Air or CO2 on machined brass or old shellac 1.00

Air on mercury i O0

Air on oil 0 8_

CO 2 on oil 0 92

Hydrogen on oil 0 92

Air on glass 0 89

Helium on oil 0 87

Air on fresh shellac 0 79

Let f. and f_ denote the coefficients of momentum transfer at the
w

lower and upper p_ates, respectively. Letting MI equal the mass of vapor
striking the upper plate per unit area per unit time, the momentum transferred

to the upper plate is

_f2(u] - U) (1)

This also represents the amount of momentum lost by the molecules striking the

upper plate. Therefore, the momentum transferred can also be written as

_(u i - _1 (21

From Equations (i) and (9),

Ul- = f2(Ul-u) (3)

Similarly, for the lower plate

u2 - uI = flu2 (4)

A-3
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From.Equations (3) and (4)

f2(l-fl)
uI = u (5)

fl * f2 - flf2

f2

u2 _ fl _ f2 - fir2 U

In the actual application of the above principles to the molecular

pump, the lower surface of Figure A-2 is a channel rather than a plane surface.

Therefore, the average gas velocity is not simply

uI + u2

2

It will be assumed_ instead, that the velocity is a weighted average according

to the areas of the stationary and moving surfaces. Figure A-3 shows a molecular

pump with the defining nomenclature.

Fiffare A-3

A-4
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Let a] be equal to the perimeter of the stationary surface perpendicular to
the direction of fluid motion, and let ao be equal to the width of the moving
surface.perpendicular to the direction o_ fluid motion. Therefore, the weighted

average flow velocity is

ula I + u2a 2
0 = in./sec (6)

aI + a2

Letting aI = (b + 2_)

a2 = b

where

h = channel width, in.

h = channel height, in.

Substituting these zelationships into Equation (6) gives the average velocity as

f2
f2(i - f_) U(b + 2h) +

fl + fo - flf2 _ + f2 " flf2

2 (b+ _)

or

u If2(_-fl)(b+ 2h)+ f2_1
...... (7)

= 2(b+h) fl+ f2 flf2

The volume flow rate at unit pressure is

% =%hp (8)

where in. 3 ib

QD = flow rate at unit pressure due to rotor motion, sec 2
in.

p = pressure, ib/in. 2

Combining Equations (7) and (8)

••1QD _ _ fl _ f2 - flf2 P (9)

A-5
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The velocity, U, is a function of shaft speed, shaft diameter, and channel

dlmension_and can be determined as shown below.

_N oos_ (lO)U = -_

where

N = shaft speed, rpm

D = shaft diameter, in.

= helix angle

The angle _ l_ defined in Figure A-4 from which

_os¢= "_D,2.w (n)_D

where

w = channel ridge width, in.

I

)2 _ (_ +b)2]l/2

_D

Fibre A-k

Combining Equations (9), (10), and (11), the rotor-induced flow at unit pressure
is

P gf gi,2mm 2(z- fl )_'b+2h) + re_ _D)2- (w+b) p (Ze)
% = 120(b + h) E _'7+ f2 - flf2

B. PRESSURE-INDUCED FLOW IN CHANNEL

The flow of a low-pressure gas in a passageway is de Ived from kinetic
tneory (Reference 2) as

A-6
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16 FL--FA2
%=7 _l _ (13)

where

in.3 ib

Qp = pressure-induced flow at unlt pressure, sec in.

K1 = constant determined by geometry
2

A = cros_-sectional area p_rp_dlcalar to flow, in.

B = perimeter of passageway perpendicular to flow, in.

= length along flow path, in.

T = temperature, OR

m = mass of molecule, lb-sec2/in.

k = Boltzmann constant, 6.78 x l0-23 In.-lb_R

p = pressure, lb/in.2

The geometrical factor, Kl, is a function of the passageway length, area, etc.
For a rectangular passageway, where the length is much greater than the cross-

sectional dimensions, Reference 2 gives the factor K1 as

K1 - 2 _n y + + 72_n 1 + _l + 7
7 7

1 a,5/21_

where

h

! Table A-2 be_w gives values computed from Equation (14).

TABLE A-2

i 7 1 0.667 0.500 0.333 0.200 O.125 0.i00

K1 1.108 1.126 1.151 1.198 1.297 1.400 1.444

K1 is plotted vs _ in Figure A-5.

I A-7
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Geometrical Factor, KI, for Long Rectangular Tube
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The cross-sectional area and perimeter of the passageway are :

! A =bh (15a)

1 B = 2(h+ b) (15b)
Substituting Equations (]_5a)and (15b) into Equation (13) gives the pressure-
induced flow at unit pressure as

!

8KI k_ (bh)2

A relationship is next required between the pump length, L, and the channel

i length,_. This zelatlonship is shown in Equation (17).

I I
!

I where

I ! n = number of turns of spiral =: b+w
!|
i

i I Substituting in Equatiov_(17) for n gives

_ = _DL

I b+w• an.d

t _DdT,d,L- b+w (18)

Combining Equations (16) and (18) gives the pressure-induced flow at unit

i pressure as

8KI(W + b)(bh)2 k_ m dp (19)I QP = 3_D(h 4 t) dL

i C. LEAKAGE FLOW RATE
The final type flow to be considered in the molecular pump is the

leakage flow. The leakage flow is an axial flow over the ridges of the channel.

I The analysis of this flow is similar to that for the preceding pressure-inducedflow. The flow rate is again given from kinetic theory as

(20)"3" _ ,--

I A-9
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In this case, the flow passageway is the clearance space between a channel ridge

and the rotor. W-hen viewed in the direction of flow, this passageway is a short,

slit-like tube. Values of the constant K2 for a slit-like tube are gigen in

Reference 2 and are repeated as Table A-3 where _ = radial clearance, in.

TABLE

W

0.i 0.2 0.4 0.8 l 2 3 4 5 lO

K2 0.036 01068 0.13 0.22 0.26 0.40 0.52 0.60 0.6+ I 0,94
W

When w/_ _ i0, K2 = _ _n _. K2 is plotted vs w_ in Figure A-6.

The cross-sectional area and perimeter of the leakage flow passageway are,
respectively,

A = lco-"_l (21a)

Next, the relationship between dp/d_, and dp/dL is required. It will

be assumed that the pressure gradient varies continuously along the helical

channel. Moving axially, then, the pressure gradient has a discontinuity at
the beginning and end of each curn of the channel. It will be assumed that the

pressure gradient is zero across a channel in a plane perpendicular to the

channel axis. Referring to Figure A-7, this means the pressure is the same at

points a and b. Therefore, the pressure gradient from b to c is (w + b)/w times

the pressure gradient from a to c. The relationship between the pressure

.Tradient from a to c and the axial pressure gradient, dp/dL, is next needed.

The pressure difference from a to c differs from the pressure

differcnce from a to d by the ratio of the respective lengths along the

channel, i.e.,

- .Dtan¢sine
_D = c°s2_

At the same time, the direct axial lengths a-c and _-d differ by cos_. Therefore,

the pressure gradients differ by the ratio cos2_/cos_ = cos_ and the pressure
gradient for leakage over the lands is

= w+b c°s_dPw dL (22_,

A-.!O

1965007670-060



Report No. 2808, Vol. II
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Geometrical Factor, K2, for Long Slit-Like Tube

Fig_ire A-6
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Land-Leakage Pressure Gradient Determination

Figure A-7.
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Combining Equations (20), (21), and (22) gives the leakage flow rate ab unit
pressure as

8K2 (_) _2 (w+ b) k_--_
(2})

1 D. NET FLOW

The net flow through the pump is the flow induced by the rotor

i motion _Inus the channel flow and the
pres_:ure-induced leakage flow, or

! % :% -Qp-%
Introducing Equations (12), (19), and (23) gives

! 112

'. +J i % =120(b+h3 £ +32-_lf2 "D)2-(_+b) p

I 8%(_+_)(b_)2 __ %(_D)_2(_+b)_I 1 3_D (h + b) '' 3w dL
. dL"

!

.. ! or

...... _D)_ - (w+b) p
! % :_20(b_hlL fl+_°2-fir2

8(w+ b) ,Ik_-. + _
3_D _ 2_m dL

I or
QN = _p -_ _dL (24)

#

whe re

[f2(1-q)(b+2h)+f2 _D)2 (w+b)

I n-13
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Rearranging Equation (24),

_L - _P -

Integrating,

p =e e dL+C

_L

p=e _- - alL+

GL

p=e e +C

GL

% 7
p=-_+ Ce

When L = 0, p = Pe

When L = L, p = Po

where

Pe = exit pressure (low pressure)

Po = inlet pressure (high pressure)

Therefore,

%
C =Pe - -_

and GL

% O

+ (Pe _) ePo = -_

Solving for QN GL

- Pe e (25)
' QN = G -'GE "

1

;": A-I.$
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Equation (25) is the flow rate at unit pressure. The weight flow rate is

QN% p (26)
p

where

R = gas constant = _ in.rE
|

M

M = molecular weight

1 P = density, ib/in.3
From Equations (25) and (26), the weight flow rate is

V aL 1i wN ._ _f (2T)I - e

I where

+ + 4--120(b+_ L " fl_ f2-flf2

6 8(w + b) k_: 3_D [(h+b) + -- -

i Equation (27) defines the weight flow rate through a molecular pum_.
The equation is applicable whether the pump is acting as a vacuum pump or as a

seal. A positive value of WN indicates flow from low to high pressure, and a
negative va].ueindicates flow fronthigh to low pressure. When being used as a
vacuum pump, the weight flow rate always has a positive value until the pressure
ratio reaches its maximum value at which time the flow rate is zero, This maxi-

I mum pressure ratio is derived in the following section. When the molecular pump- is acting as a seal-to-space, the pressure ratio imposed on it is greater than
the maximum it can develop as a pump, and there is a flow, or leakage, from the

high-pressure side through the pump and out tc the low-pressure region.

The situation of zero leakage, or perfect sealing, is possible only

when the low-pressure side of the pump opens into a vessel of set volume. With a
I set volume, the pump will eventually reach its maximum pressure ratio, and the

A-Z5
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net flow through the pump becomes zero. For a seal-to-space, however, the
volume on the low-pressure side is Infirite; hence there is al;raysa net

leakage rate through the pump, and Equation (27) always has a nes'atlvevalue.

The maximum pressure ratio that the pump can develop is only of
academic interest when the pump is serving ss a seal-to-space since, by

definition, the maximum pressure ratio occurs at zero leakage -an impossible
condition. The actual pressure ratio on the pump will be very large. It
will not, however, be infinite unless the ptu_pdischarges directly to space
wlthout any inter_reningpassageways. In molecular flow, the _'ateof discharge

through a passageway is not a function of downstream pressure, and a pressure
will exist in any passageway connecting the pump and space. The outlet passage-

way will usually be of sufficiently low resistance, however, that the
assumption of an infinite pressure ratio is appropriate. Therefore, setting

equal to 0 in Equaticn (27) gives the leakage flow rate _'ursealing directly
P_ space.

E. MAXIMUM PRESSURE RATIO

The maximum pressure ratio the molecular pump can develop when

operating as a pump is found by setting QN equal to 0 in Equation (24) to give

_:a_p
dL

or

p

Integrating,

lnp= _- L+C

When L = 0, p = Pe = exit pressure at zero flow; when L = L, p = Po'
o

Therefore, C = In Peoand the maximum pressure ratio is

aL

Po _.. B:e (28)
P

e o

where

+ +,.:,,.]r<o_=12o(h+',) L fl +f2" fir2 .":_)2.(,,,.+b)
A-16
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o= 3_D L (h +'b} + '

i III. COMPUTER ANALYSI8

i The lea_ rate tbrou_ a molecular pump is defined by Equation (_).There are three variables which define the pump geometry: groove depth, groove
width, and land _dth. _ti_zation of these three v_iables for various

_. combinations of molecular weight, diameter, speed, temperature, length, andradial clearance has been conducted on an I_-7090 computer. The resulting
optimum di_nslons, press_e ratios, and leakage rates for the various combina-
tio_ of input conditions are tabulated on the follo_ng pages.

I
I
!

i

i

[

i

I

I

I

I
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.I APP_DIX B

I TRANSITION FLOW THEORY OF THE MOLECULAR I_JMP
l

Appendix A presents the theorj-of the molecular pump based on the assumption

iI of purely molecular flow. The unique pressure ratio development, and hence flow
{ restriction, of the molecular pump is dependent on the flow being in the molecular

regime. If the flow, on the other hand, is in the continuum regime, the pressure

iI ratio development of the /rompis, for al! practical purposes, nil. In between
•_ continuum flow and molecular flow lies a flow region called the transition,regime.

In this region the flow is a compromise between its two adjacent regions, the
flow characteristics being weighted toward the region of greater proximity.

.I
Within the molecular pump, there is always a transition occurring-toward

. molecular flow as the flow passes from the hi.h-pressure end to the low-pressure

I end. The degree to which molecular flow is achieved is dependent on the inlet• conditions of the pump. If the flow is molecular entering the pump, the entire
pumping process will be in molecular flow; this is the ideal operating condition

: f for a molecular pump. On the other hand, if the inlet conditions are far enough

l into_e cc_tlnuumregime, the flow could remain in the continuum regime throughout
the pump; essentially no pressure ratio development would occur. A third process
occurs when the pump entrance flow is in the continuum regime, but not so far that

molecular flow cannot be achieved within the The sooner molecular flow is
pump.

• achieved, of course, the sooner the exponential pressure ratio development

chamcterietic become: predominant. This latter flow process is the type en-

countered in the SNAP 8 system. At the 200 Y entrance condition, continuum flowis favored. The flow, however, is not too deeply into the continuum regime, end
passes through the transition regime and somewhat into molecular flbw.

The following discussion presents a mathematical model of the molecularpump which is applicable over the entire spectrum from continuum to molecular
flow. As in Appendix A, the flow process is divided into three components:
(1) flow down the helical channel due to the existing pressure 6radiant, (2)
flow axially over the lands due to the pressure gradient, and (2) flow up the
channel due to the effect of _.he rotor motion. The flow processes are now

, presented in the above order.

1

t'
i

i

1965007670-087



Report No. 2808, Vol. II

i. PP_SSm_-n_DUCED_ DO_W_

Knudsen (Reference i) proposed the following equation to define the flow

of a fluid through a passageway: i

l+ClP - i

Q = a' p + b' i + c2 p (i)

where

Q = volume flow at unit pressure i

p = pressure

a', b', Cl, and c2 = constants to•be evaluated so as to make _
the flow a_llcable over the entire flow
spectrum. - _

The evaluation of the constants in Equation (i) is the basic problem in
deriving the molecular pump performance char_cterlstics.

A. a' CONSTANT

By assuming purely continuum flow (i.e., p is very large) Equation __

(i) becomes

Q =a'_ (2)

which is seen to be the general form of ordinary Polsseuille flow. Reference 2
defines the flow of an incompressible fluid in a rectangular channel as

Qi = 1- 1-_ F tanh _+ _tanh _+ ...... (3)

or, to a close approximation, .._

bh3 _ 1-0.63_ta_ (4) !Qi = i_ d_

where

Qi '= volume flow p = pressure

b = groove width _ = length

h = groove depth _ - Viscosity

B-2
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I! Vo o
The weight flow rate for a compressible fluid is W = Qi _ where

Io R = gas constant and T = temperature. The volume flow at unit pressure, Q,
is equal to WRT. Therefore, from Equation (4), the volume flow at unit pressure
of a compressible fluid is

I

I Q= 12bh--!_1-o.63_ t°nh Pd_
Equa__on (5) is put into the context of the molecular pump by letting

I d_= _D dL
b+w

i. where
D = diameter

' I : w = land width
L = overall pump length

[

_ li The final expression for continuum flow down the rectangular channel of the' molecular pump becomes
z

1"'i bh3(b �w)K3. _ (6

i {' where
K3 = i - 0.63 h _b

Comparing Equations (2) and (6), the constant a' is glven by

{_ bh3(w,b)K3 ___ (7){ a' = 12 _ _D dL

- B. b ' O0_STANT
By assuming purely molecular flow (i.e., p is very small), Equation "_

I i. _ (1) become.
Q = b' (8)

. From Equation (19) of Appendix A, b' is.obtained as

8K1(w+b)(bh)2 __.._[! b' = " (9)I _.D (h+b) Ye,m
where

{i El= ,eometrical f_ctor given in ¥igure B-I

B-3

1965007670-089



Report No. 2808, Vol. II

1.7 . I1" i

1.6 i
!

1,5

K! 1.41.3

1.2

1.1

1.0 •
0 0.2 0.4 0.6 0,8 1.0

CHANH|L DilPTH/CHANI4|L WID1'H - 5/5

Geometrical Factor, KI, for Long Rectangular Tube

Figure B-1

1965007670-090



J

I Report No. 2808, Vol. II

k = Boltzmannconstant

m = mass of molecule

c. Cl/C2 CONSTANT

Assmne that the mean free path is small comparedto the channel
dimensions,but not negligiblysmall. With this assumptionEquation (1) becomes

cl
Q = a' p + --.-b' (i0)

i c2Substitutingfrom Equations (T) and (9) for a' and b'

bh3 (w+b)_K_p d_2 8K1 (w*b)(bh)2 C I d_Q +

12 _D dL 3 _D (h+b) ' V 2_m _ dL

or (ll)

[(w+b) bh3 K_ P _ 1+ K3h (h+Q == -'12 _._D ' aT., b) p V 2_m c2 j

But, in this flow regime,Polsseuilleflow also holds provideda correction
factor for slip at the boundaries is included. _herefore,the next step is to
derive an expressionfor flow with slip in a rectangularchannel.

It will be aasumed that the flow can be _pproxlm_tedby flow between
parallel,flat plates. In Figure B-2 therefore,

b
_>i

P1J--
,. + :P2

_..:_ _, . _ .fl_.=,
2-- "'

}

I
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Assume vo p 0 (i.e., the fluid has a velocity at the plates).

Assume a frictional force exists at the plates given by ._

f = e s v (12)o

where
¢ = numerical coefficient of force

S = area = 2b_

For equilibrium at the plate surfaces,

av (15)2b_ (Pl-p2)--f + 2b_ _ _--
where

_y = incremental thickness of fluid in y direction at wall

For small Ay, 2b Ay (Pl " P2 ) _ 0

Therefore,

dv

-_o _ p _-= f =_b _ e vo

or

. _ dv (14)Vo" ,_

The velocity profile for flow between flat plates c_n be derived from the following
equation (Reference 7).

2v _-_ (l_),msmm,m_e_ ,m

Integrating,

_=, i _y + (const)l (16)

y = O, _ = O; therefore (const)l =
When 0

From Equations (14) and (16) a new boundarF condition which introduces slip

i_ obtained as

li
B-6 }"
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,:. Integrating F_uation (16) and usimg the boundary condition from Equation (17) ""

I: gives the velocity profile with slip as

, l_!- _ {h2 y2 uh) (18)

- The volume flow is
i

!.

_: V =2b v_¥

Substituting Equation (18) and integrating gives

12 M d£

Denoting the "coefficient of slip" by _ = _--e

l 12 M
The flow can be put in terms of _he molecular pump by substituting

Q=Vp

_D
------dL

Therefore,

l i. ==_..i,,,,l=_io,,.,I1_.)=_(2o),

'LI!
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BY definition i

•where !

X mean free path=

X = constant nearly equal to unity i

_h_ relationship between _ and _ is I

1 !
_ =_nm_ k (23) i

where i-

n = -molecules/unit volume |

V = average velocity "

Letting ._

v: (SkT) 1/2

_, ._ m_,,_ . - - (24) _

Com%inin6 Equations (21), (22), and (24),

16% °_1
3K 3 (h+'b}':_v z_ ee-E ,_tt

i.

__.Ll l_K_(h+ b)
_ c_ = Z: i6KI b

l_udSen found that _or _o. In tubes,., o.8_ (Reference 1) .... Ii

"L

• ,,,,.,.................. , ............ ,...-: .,,.,.,_:- , ........... . ,,% ,. ._.......,..._.£,i_.-.A _":_' _ -.:,'"_ _,--_'!_ ._,-'_:_=_,.__' _._,,"......,_:',...._, ,_'",_.,': ...,.., ....... "'."'..'"...._........
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Assuming this value of

cI K_(h+b)

! c2 --2_b (2_) I

i) D. c2 - cI CONgTAW_

To evaluate c^ - Cl, it is assumed that the mean free path is greater
than the dimensions of th_ passageway, but not much greater. Now impacts with

i both the walls and with other molecules occur. The momentum of the moving molecules
can then be carried to the walls by two processes: (i) by d/rect impsct
with the walls, and (2) by the molecules struck by these molecules. Knudsen

lj (Reference i) gives the following corrective factor to be applied to the basicequation for im_remolecular flow.

(_)

l+ X'_'-where

A = Passageway cross-sectional area
i. B = perimeter of _ross section

_ k_.is a--constantintroduced to account for the time elapsing between impacts of ._ving molecules and others, an_ transfer of this momentum _o the walls, kt has
" a value of approximately 1/2. Applying the correction factor to Equation (8) gives

I! Q = 3 _D (h+b) ¥ 2_j.. l+_

i'_, Assmmlng that _ _ X

[ ]
:al
"_ Letting

,_- , A = bh

'_" _9

_
•i: [_,_'

< ;
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For small v_iues of p, Equation (i) becomes

Substitutingfor b' from Equation (9)

8K1 (w+b) (bh)2 r----" [ ].D(h+'b_ -_-- _ - i

ComparingEquations (28) and (29) I

!
(_.kt) _(2bbh

and (i - kt) 2 b h a' I.-!
c2 "_i -- _ (b + h) p + .b--C (3Oh) ._:

1_om_quation.(7)and(9),

,,' -5 h (h+b)
b' (31) '"

V 2n'al.

SubstitutingEquations (31) and (24) into (30) aad letting kt = 1/2 gives

h { b _ (h+b))

Equations (25)and (32) when combinedgive cI and c2 as

2XS.b_ k_ _ (b+h_..+ 32Ks.b .. _
c: , :.....", _(33) '"

1- 2%__o'..

B-IO _

I

• , "- _,._;_._._ n

n

_._..-i_,_-,:..... , _:,,:.,,_.,_.:_2".,.:;;:_,,_._f.,_i_,':/ _ _,,,_.,_-;._'",.._..';'.'_"...t,_.,: "- _'_'_':ca_,i_''__'___"_""_''_Y
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IA oc2 - (34)
1" 5 (h+b) "'

I!
The above expressions for cI and c2 are only approximate and can be improved by

the following process.
Let

c2 =dH

c_ =dJ

where

d = constant to be evaluated

_ h K_ (h+b)

L_ \k_TT (_(bb+h)+ 32EI b )_ _ V2_m
_ H = (35)

i K3 (h + b)

_ (h +b) h (b- + K3 (h+.b}) (36)
i

1 K3 (h+b)L _

I_ 2Klb

From Equation (i),

li l+dJ_
Q=_' p+b' (37)

l+dHp

Differentiating Equation (37) with res_ct to p and setting the expression equal
to zero gives the pressure at the minimum of the flow curve as

B-i!
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Knudsen found that at the minimum of the curve the product PmC2 is very nearly
unity. :

Therefore,

b' "!

4 = d_r (H - J)

and

4 a'

d = b., (H J) (3.9)

Combining with Equations (31), (35), and (36),

d= 5 (b+h)

8 5 b( bb+ K,(h P�´,( h) "+ 32Klb

Combining Equations (35), (56), and (40), i

K_h(b + h) :,

c2 = ,_., (41) "

; [4. v_ _,:_b- ,%(h �b)I
!

K_,2 (b+h)2h
cI = (42)

8 KI b _ k T 2 KI b - K_ (h + b) ' _

The final expression for flow down a rectangular channel for any fluid state is

found by combining Equations (i), (7), (9), (41), and (42). ii

bh 3 (w + b) K_ p dp
Q = 12 _ _D dL i

52(b+h)2hl+ "

...... l8 Kll(im_ "_ b )(bh)2, k_T _ 8 K1 "b. kT K1 b- 5 (b + h)+

3 _DL(h+b) v 2_ dL -K h '(_+h) _._
z+ -.-,_ ..... ip -_,_:

B-12 !i
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II. AXIAL LEAKAGE OVER LANDS

[i An equation of the form of Equation (i) is again used as indicated below.

I_. i+ c_pQ --a"p +b" (44)
I+c4P

f

_! A. a" CONSTANT

_ By assuming purely continuum flow3 Equation (44) becomes

q =a"p (45)

The volume flow at unit pressure for Poisseuille flow is given by

12 g d_

{;i

In terms of the molecular pump geometry,

lli
b = _ where ¢ = helix angle

I.i h = _ = radial clearance

I_!
Inserting these expressions in Equation (46) gives the axial leakage for

[i continuum flow as

[_ Q_ (_D_83(w _ (47)
12_w dL

I'i Comparing Equations (_5) and (47),
%-

[i a"o (_D)12_w'3(w .. _ (48>

i B-Z3
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B. b" CONSTANT

By assuming purely molecular flow, Equation (44) becomes

Q =b" (_9)
J

s}

From Equation (23) of Appendix A, b" is obtained as _

8 Z2 82 (_D)(_+ b) -_k/"k--_--
b"= V 2--_-k_ _ (50)

3w dL _I
where ;_

K2 = geometrical factor given in Figure B-3.

o. c3/c _.ccms_ i!._

Assume that the mean free path is small compared to the channel _

dimensions, but not negligibly small. Equation (_) becomes

Substituting from Equations (_8) and (50), :_

,j

Q= (_D)83 (w+b) p a_ l+ (52)
12¼w dL _p ¥ 2_m c4 :_

But in this flow regime, Poisseuille flow with slip also holds. Equation (19),
repeated below, gives the flow with slip for a rectangular passageway. _

d

Equation (19) is made applicable for flow over the lands by the following -_

substitutions: _

h=_ _:

_D '_
b= ------ k

cos_ ,_

w+b oo,__

965007670- 00
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The 9,ow at unit pressurebecomes

Q

ComparingEquations (52) and (53)

6 32K2_ k__2_ c5 1_C: 8p %

C.....3 p %

From Equations (22), (24) and (54)

16K2_ k_F-_ [Z : z _ _
3 p V 2_-- c4

2 p, kF_i_...._TV 2_

Letting E = 0.85, as found by Knudsen

1

D. c4-c3 CONSTANT

Assume the mean free path is greater than the dimensionsof the
passageway,but not much greater. The correctlvefactor to be applied to the
molecular flow equation is given by Equation (26) as

4A
l + >,-,_

B-16

t

" ' ' ' ' " "' ' ' '" ,r <, : _ , 4:; ; . -, " "" .... ,:_'d'r;,
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Ji l_et,>_-_l_o.28o8,vol. :_.
1

i Applying Equation (26) to Equation (50) gives the flow over the lands as

Q = 3w V 2_m _L l+ _B

• cos

2_D

i! For smmll pressures, Equation (_4) becomes

• [ ] { <]
q =a"p+b" z- (%-c 3) 1_ =b" 1- (%-c 3- _.)i_!

Substituting for b" from Equation (50),

_ml_rins _.q_tio_ (57) aria (58)

% " °It " i_ x ' + _' (_9)

,L_

&" _ .

I_ _" ,r'_ _o_
I
i _-17

li
, . i,'> .- ::.- , 7,'.tT,_,_},]_r_-_'9 _,_ ;,
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SubstitutingEquations (24) and (60) into (59) and lettingkt = i/2,

6 Ii + 1 _ (61)

_ V 2_m l

Equations (55)and (61) together give

(62

e5=_(eK2 - i) k/_V 2_m

2K 2 6 i + 32 K2 (63)

c4 _(2ze-l) 4 kJ.L.2.m

b_in, an improvement can be made.

Let

c4ffidH

c3=dJ

where

_K2_1_'+'2Z2 ) (64)H,,

 (2z2 i),/kT" V 2_
'i

1+

. 32z2 (65) {
J=

_(2z2 - l)kfC_--'_¥ 2rim

From Equation (44),

Q-a" p+b" i + dJp (66)
I+dHp _
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_TT. IRO_OR-Z_UCSD
The third and final flow process occurring within the molecular pump is the

flow up the channel caused by the motion of the rotor. The rotor-induced flow for
purely molecttla_ flow is given by

Q= i_o (b +h) _! + f2 " flf2 - P (73)

where_

N = rotor speed,

f : coefficient of momentum _nsfer

To a close approximation, the coefficient of momenttuntransfer equals unity which
reduces F_uation 473) to

_ (.D)a (w+.b)a] l/2Q: lZO(b+b) " P (7_)

Equation (7_) is seen to be simply the cross-sectional area of the channel times
one-half the velocity of the rotor in the direction of the channel times a _
moaification factor to account for the relative area of stationary and moving _'
members. Since the average fluid velocity between a moving and stationary surface
is essentially one-half the velocity of the moving surface, regardless of

whether the flow is in the molecular or continuum regime, Equation (74) becomes
the .applicableequation over the entire flow spectrum.

IV. NET FLOW

The net flow through the molecular p_np is the rotor-induced flow minus I
_e flow down the channel minus the flow over the lands. Combining Equations

(43), (72), and (74), the net flow is I

QN-A_- Bp+C Z+e2 p " _+_ Z+% (7_) -

_. where

A. z_ @2. (w+_ (T6).

i

J

_-20 _

. - " "/ - " 7 ;
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I _h' (w+ b)_ (77)
B = 12 _ xD

8_ (w+ b)(bh)2c ..... uk/_--_ (78)
W 2.m

Ii 3_D (h+b)

D = (,D) _3 (w + b) (79)

i 12_w

I; E= 8.K2_23w¢"D)(w.+b) -_k/"CT'v2._ (80)

I. V. PRESSURE PATIO

,_ The molecular pump develops its maximum pressure ratio when the net flow

'_ [! equals zero. Letting (_" = O in Equation (75)

i dL = i + eI p i + c_ p

" _2 + (B+D) pC i + p + E i + c4 p

i _n p(O + E) I + c2 p i + c4 p + (B + D) p =AL + CONST.

L

i Inserting the boun_z_ conditions:

i. when L = O, p = Peo

when L ,, L, P = Po

l_ i + c2 + e4
pe° pe° pe° = e

(82)

where

A, B, C, D, E, c4 are given by Equations (76)_ (77), (78)j (79),(80)

•I!
B-21
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Equation (S2) defines the pressure ratio that the molecular pump can develop.
T_e equation applies in molecular or continuum flow and accounts for any
transition between flow states-occurring within the puL_ itself. It is

interesting to note that if pressures are assumed small in Equation (82) it i
reduces to the purely molecular flow case derived in Appendix A. Conversely, '_
if pressures are assumed large, Equation (82) reduces to the equation of the

screw, or visco-seal (Reference 4). i

;
From Equation (75), ._

d_ AD - QN (83)
dL = i $ c_ p i + c_ P

C i +.C2.p + E i+ c42P + (B + D) p

Integrating.and using the boundary conditions

when L = O, p = De

when L = L, p = D°

{O o+q tO ,o+ l { WI I{ I : .
[ACeeZ+MPe'_I _[A%'PeZ+I%'_} i-

/ Iexp L - 0 A (po " pe} " % _n A'Po (84)

where -._

F = C C2Ac 2 -c 1,1A- 0_ c2)] ,_:

[ ! 11 'E 2 Ac4 - c_3.,A - %c 4

2 Ac4IA+ _ C41 . :

N °2 i
H,, T i:.:_:

%o_ ";_i

B-22 ,_
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Ii c°lJ =

2A c2

I E c___K-

_ 2A c4

I
M = IA - QN c2)

I o: (B 4�- A2

[ E_uation (84) _s the general solution for s.nypressures as boundary conditions.
However, a considerable simplification of the equation is possible by letting

= O, which is the a_tual operating condition when the molecular pump is used

I_i aP_a seal-to-spe, ce..

, Letting Pe = O, the leakage equation becomes

[i . m

" .- C[2 A _2" el IA ",@N c2}] El2 A c4 - c_ (A- QN c4!]

- _Ao_IA °_I A_o _Ao_(A o_)

[' i+ c2P o l"+ c4P o _

C cI Ec 3

Iii 2 A C2 2A c4

I ( A C2Po2+ IA .Q_ c2) po ) ( A c4,po2t(A. Q_c41 po )

1 .... 1 ......... =

I_ _

A2 A Po " Q" _n aN (85)

I where A, B, C, D, E_,el, c2, c , c4 are given by Equations (76), (77), (78), (79),
(80), (41)_ (42), _fu), ana (73). As with the pressure ratio equation, the leakage

I_ equation reduces to the equations for molecular flow and the visco-pump a_ thepressure becomes small and large, respectively.
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For any given operating condition, there is an optimum geometry for the
molecular pump defined by the variables b_ w_ and h. _hese variables can be
optimized on the basis of maximum pressure ratio or minimum leakage, whichever
is desirs.d. The requirement for SNAP-6 is minimum leakage. The complexity of an
optimization is apparent from the form of the pressure ratio and leakage equations.
The complexity is increased due to the fact that neither pressure ratio nor

leakage occur as explicit functions. Due to the probable variation of transition
regime optimums from molecular regime optimums, an optimization program would
be of considerable value for the SNAP-8 operating condilion.

!

ii
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SNAP-8 SEAI_-TO-SPACE DEVELOPMENT TEST PROGRAM

A_roJet-General Corporation

ABSTRACT
i

The test program described in this report was conducted to determine the
effectiveness of the molecular pump as a flow restrictor. The problems encountered i
and the remedial steps taken are outlined. Good correlation between theoretical _

predictions and test results is found. The correlation is particularly good when "_i

use is made of the transition flow theory which accounts for deviations from purely _{
molecular flow. The molecular pump configuration selected for the SNAP-8 system
shows good performance characteristics from both theoretical and experimental as-
pects. Appendixes contain two mathematical models of the molecular pump: one is _

based on molecular flow, and the other is an all-inclusive theory which covers ;_"
operation over the entire range from molecular to continuum flow. Computer opti- _

mization results based on the molecular flow theory are included.
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